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ABSTRACT 
)ULFWLRQ VWLU ZHOGLQJ RI VWHHO SUHVHQWV DQ DUUD\ RI
DGYDQWDJHV DFURVV PDQ\ LQGXVWULDO VHFWRUV FRPSDUHG WR
FRQYHQWLRQDO IXVLRQ ZHOGLQJ WHFKQLTXHV 3UHOLPLQDU\ VWXGLHV
KDYH LGHQWLILHG PDQ\ SRVLWLYH HIIHFWV RQ WKH SURSHUWLHV RI
ZHOGHG VWHHO FRPSRQHQWV +RZHYHU WKH IXQGDPHQWDO
NQRZOHGJHRIWKHSURFHVVLQUHODWLRQWRVWUXFWXUDOVWHHOUHPDLQV
UHODWLYHO\OLPLWHGKHQFHLQGXVWULDOXSWDNHKDVEHHQHVVHQWLDOO\
QRQ-H[LVWHQW WR WKLV GDWH 7KH (XURSHDQ-IXQGHG SURMHFW
+,/'$WKHILUVWRILWVNLQGLQWHUPVRIEUHDGWKDQGGHSWKLV
FRQFHUQHGZLWKHQKDQFLQJWKHXQGHUVWDQGLQJRIWKHSURFHVVRQ
ORZDOOR\VWHHOHVWDEOLVKLQJLWVOLPLWVLQWHUPVRIWKHWZRPRUH
VLJQLILFDQW SDUDPHWHUV ZKLFK FDQ EH GLUHFWO\ FRQWUROOHG WRRO
WUDYHUVH DQG URWDWLRQDO VSHHG WKXV LPSURYLQJ LWV WHFKQR-
HFRQRPLFFRPSHWLWLYHQHVVWRIXVLRQZHOGLQJ 
$ GHWDLOHG VWXG\ LQYHVWLJDWHG WKH HIIHFW RI SURFHVV
SDUDPHWHUV RQ WKH HYROYHG PLFURVWUXFWXUH ,Q SDUDOOHO D IXOO
SURJUDPPHRIPHFKDQLFDOWHVWLQJZDVXQGHUWDNHQ WRJHQHUDWH
GDWDRQKDUGQHVV LPSDFW WRXJKQHVVDQG IDWLJXH)URP WKLV LW
KDVEHHQHVWDEOLVKHGWKDWIULFWLRQVWLUZHOGLQJRIVWHHOSURGXFHV
KLJKLQWHJULW\MRLQWVWKDWH[KLELWH[FHOOHQWIDWLJXHSURSHUWLHV 
)URP D VLPXODWLRQ SHUVSHFWLYH D ORFDO PLFURVWUXFWXUDO
QXPHULFDO PRGHO KDV EHHQ GHYHORSHG WR SUHGLFW WKH
PLFURVWUXFWXUDOHYROXWLRQZLWKLQWKHZHOG]RQHGXULQJIULFWLRQ
VWLU ZHOGLQJ RI ORZ DOOR\ VWHHO  7KLV PRGHO FRQFHQWUDWHV RQ
SUHGLFWLQJ JUDLQ VL]H HYROXWLRQ GXH WR G\QDPLF
UHFU\VWDOOL]DWLRQ ZLWK UHVSHFW WR WRRO WUDYHUVH DQG URWDWLRQDO
VSHHG )XUWKHUPRUH D FRPSXWDWLRQDO HIILFLHQW ORFDO-JOREDO
QXPHULFDOPRGHOFDSDEOHRISUHGLFWLQJ WKH WKHUPDO WUDQVLHQWV
VWLU DQG KHDW DIIHFWHG ]RQH UHVLGXDO VWUHVVHV DQG GLVWRUWLRQ
SURGXFHGE\IULFWLRQVWLUZHOGLQJRI'+SODWHVLVSUHVHQWHG 
.H\ZRUGV )ULFWLRQ VWLU ZHOGLQJ /RZ DOOR\ VWHHO
2SWLPLVDWLRQ 0LFURVWUXFWXUH 0HFKDQLFDO WHVWLQJ 1XPHULFDO
PRGHOV'\QDPLF UHFU\VWDOOL]DWLRQ5HVLGXDO VWUHVVHV2XW-RI-
SODQHGLVWRUWLRQ 
INTRODUCTION 
7KH SULQFLSOHV DQG PHULWV RI IULFWLRQ VWLU ZHOGLQJ )6:
KDYHEHHQH[WHQVLYHO\UHSRUWHG>±@DQGWKHRXWSXWIURPWKLV
ZRUNKDVVHHQVRPHJURZWKLQWKHXVDJHRI)6:IRUWKHOLJKW
PHWDOV $V WKH SURFHVV DQG DYDLODEOH WRROLQJ KDV HYROYHG D
VLJQLILFDQW LQWHUHVW KDV GHYHORSHG WR WUDQVIHU WKH SURFHVV DQG
LWV DGYDQWDJHV IURP ORZ PHOWLQJ SRLQW PDWHULDOV VXFK DV
DOXPLQLXP WR VWHHO >@ ,W KDV EHHQ SURSRVHG WKDW WKH
WUDQVSRUWDWLRQ HJ LQ DXWRPRWLYH >@ DQG UDLO DSSOLFDWLRQV
PDULQH VKLSEXLOGLQJ >@ DQG RLO DQG JDV VHFWRUV >@ FRXOG
PDNHXVHRIWHFKQLFDOEHQHILWVE\LPSOHPHQWLQJVWHHO)6:DV
D KLJK YDOXH PDQXIDFWXULQJ SURFHVV 3UHYLRXV SXEOLFDWLRQV
KDYHGHPRQVWUDWHGWKHIHDVLELOLW\RI)6:RQVWHHO>@ZKLOH
RWKHUVUHSRUWWKDWWKHUHDUHVHYHUDOSRVLWLYHHIIHFWVRQWKHZHOG
SURSHUWLHV VXFK DV FRQVLGHUDEOH JUDLQ UHILQHPHQW >@
RYHUPDWFKLQJRIWKHSDUHQWPHWDO>@PLQLPLVHGGLVWRUWLRQ>@
ZKLFK WUDQVODWHV LQWR UHGXFHG UH-ZRUN RI WKH ZHOGHG
FRPSRQHQWV DQG SRWHQWLDO IRU ZHOGLQJ VSHHGV ZKLFK FDQ EH
WHFKQLFDOO\ FRPSHWLWLYH WR IXVLRQ ZHOGLQJ PHWKRGV >@ %\
DYRLGLQJWKHIXVLRQDQGVXEVHTXHQWVROLGLILFDWLRQRIWKHPHWDO
)6:FDQGHOLYHUZHOGVIUHHRIW\SLFDODUFZHOGLQJGHIHFWVOLNH
SRURVLW\VROLGLILFDWLRQFUDFNLQJDQGHPEULWWOHPHQW>@ 
6WXGLHVGHPRQVWUDWHWKDW)6:LVFDSDEOHRIMRLQLQJPHWDOV
WKDWDUHRWKHUZLVHFRQVLGHUHGRIORZZHOGDELOLW\RUSUDFWLFDOO\
QRQ-ZHOGDEOH E\ HVWDEOLVKHG IXVLRQ MRLQLQJ PHWKRGV )RU
LQVWDQFHUHVHDUFK>@QRWHVWKDWZHOGLQJRIKLJKFDUERQVWHHOV
GHPRQVWUDWHV VLJQLILFDQW FKDOOHQJHV GXH WR WKHLU ORZ
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ZHOGDELOLW\ D FRQVHTXHQFH RI WKH KLJK FDUERQ FRQWHQW ,W LV
FRQFOXGHG WKDW ZHOGLQJ RI KLJK FDUERQ VWHHOV FDQ EH
VXFFHVVIXOO\DFFRPSOLVKHGE\)6:>@ 
7KH FRPPHUFLDO XSWDNH RI )6: IRU VWUXFWXUHV
PDQXIDFWXUHGIURPVWHHOLVH[WUHPHO\ORZ2QHREVWDFOHLVWKH
FXUUHQW WRRO WHFKQRORJ\ DQG PRUH VSHFLILFDOO\ WKH KLJK
UHTXLUHPHQWV RQ WKH WRRO PDWHULDO >@ 7KH PDWHULDO IURP
ZKLFK )6: WRROV IRU KLJK PHOWLQJ SRLQW PHWDOV DUH
PDQXIDFWXUHG QHHGV WR H[KLELW VXIILFLHQW IUDFWXUH WRXJKQHVV
ZHDU UHVLVWDQFH DQG FKHPLFDO LQHUWQHVV ZLWK UHVSHFW WR WKH
PHWDO WR EH ZHOGHG DOO DW KLJK WHPSHUDWXUHV >@ 7KH ODWHVW
GHYHORSPHQWV LQ WRRO WHFKQRORJ\ KDYH \LHOGHG K\EULG WRROV
FRQVLVWLQJRISRO\FU\VWDOOLQHERURQQLWULGHSF%1SDUWLFOHVLQ
D UHIUDFWRU\ PHWDO :5H ELQGHU 6WLOO SF%1 WRROV DUH
SUHVHQWO\H[SHQVLYHDQGGHPRQVWUDWHFUDFNLQJDQGZHDU WKXV
DUHNQRZQWRSURGXFHZHOGOHQJWKVWKDWDUHWRRVKRUWPD[
PSHUWRROWREHHFRQRPLFDOO\YLDEOHIRUDQ\LQGXVWU\ZKLFK
PD\ EH DVVHVVLQJ WKH LQWURGXFWLRQ RI WKH SURFHVV >@
)XUWKHUPRUH WKH WRROV IRU VWHHO SUHVHQWO\ DOORZ IRU RQO\ WZR
VWHHOMRLQWFRQILJXUDWLRQVWREHZHOGHGLHEXWWDQGODSMRLQWV
3XEOLFDWLRQV QRWH WKH FXUUHQW OLPLWDWLRQV RI VWHHO )6: DV
RXWOLQHG DERYH DQG FRQFOXGH WKDW QHZGHYHORSPHQWVRQ WRRO
GHVLJQ DQG PDWHULDOV DQG WKH LGHQWLILFDWLRQ RI UHOHYDQW QLFKH
DSSOLFDWLRQV ZKLFK ZLOO GHFLVLYHO\ EHQHILW IURP WKH
LQWURGXFWLRQ RI )6: DUH WKH WZR FULWLFDO IDFWRUV IRU ZLGHU
LQGXVWULDOXVHRIWKHSURFHVVRQVWHHO>@ 
)6: QHHGV WR EH RSWLPLVHG ZLWK UHJDUG WR KLJK ZHOGLQJ
VSHHG RI GHIHFW-IUHH ZHOGV RI DFFHSWDEOH TXDOLW\ ZLWKLQ
VSHFLILFDWLRQV RU FODVVLILFDWLRQ VRFLHW\ UXOHV LQ WKH FDVH RI
VKLSEXLOGLQJDQGPDULQHDSSOLFDWLRQVUDWKHUWKDQEHVWSRVVLEOH
PHFKDQLFDO SURSHUWLHV IRU ZLGHU LQGXVWULDO LQWURGXFWLRQ DQG D
GHWDLOHGRSWLPLVDWLRQVWXG\LVFXUUHQWO\DYDLODEOHLQWKHSXEOLF
GRPDLQ>@)URPWKLVVWXG\>@LWLVSURSRVHGWKDWIRU)6:
RI VWHHO WR EHFRPH DQ HFRQRPLFDOO\ DQG WHFKQLFDOO\ YLDEOH
DOWHUQDWLYH WR FRQYHQWLRQDO IXVLRQ ZHOGLQJ SURFHVVHV IXUWKHU
DGYDQFHVLQWRROLQJGHVLJQPDWHULDOJHRPHWU\DQGFRVWLVRI
IXQGDPHQWDOLPSRUWDQFH 
,QSDUDOOHOZLWKWKHDFFHSWHGQHHGIRUWRROLQJRSWLPLVDWLRQ
D VHULHV RI SURFHVV SDUDPHWHU VWXGLHV ZLWK WKH DLP RI
PD[LPLVLQJ WKH UDWH RI ZHOGLQJ EDVHG RQ WRRO URWDWLRQ DQG
WUDYHUVH VSHHG ZLOO EH UHTXLUHG WR VXSSRUW DQ\ WRROLQJ
DGYDQFHVWKDWDUHUHDOLVHG)RUH[DPSOHIHZSHUWLQHQWVWXGLHV
UHSRUWRQWKHHIIHFWRIWUDYHUVHVSHHGVLQWKHUDQJHRI-
PPPLQ RQ WKH GHYHORSHG PLFURVWUXFWXUH DQG UHVXOWDQW
PHFKDQLFDO SURSHUWLHV RI VWUXFWXUDO VWHHOV PXFK OHVV RQ
SURFHVV RSWLPLVDWLRQ DW KLJKHU VSHHGV 2QH LQGLFDWLYH
SXEOLFDWLRQ HPSOR\V WHQ SDUDPHWHU VHWV ZLWK D PD[LPXP
WUDYHUVHVSHHGRIPPPLQLQDQRSWLPLVDWLRQVWXG\RIWKH
)6:RIDQDGYDQFHGKLJKVWUHQJWKVWHHO$+66>@$OWKRXJK
WKHWHQVLOHVKHDUWHVWVDPSOHVDUHVHHQWRIUDFWXUHLQWKH+$=
WKLV VWXG\ GRHV QRW VHHN WR HQKDQFH WKH WHQVLOH SURSHUWLHV RI
WKLVUHJLRQWKURXJKWKHHYDOXDWLRQRIUHILQHGSDUDPHWHUVHWV 
,Q WKH SUHVHQW LQYHVWLJDWLRQ DQG LQ FRQWUDVW WR SUHYLRXV
SURFHVVSDUDPHWHUGHYHORSPHQWVWXGLHVIULFWLRQVWLUZHOGV
WKH PDMRULW\ RI ZKLFK ZHUH SURGXFHG ZLWK ZHOGLQJ VSHHGV
UDUHO\ LGHQWLILHG E\ RWKHU UHVHDUFKHUV DUH WKRURXJKO\
H[DPLQHGLQRUGHUWRGHWHUPLQHDVWHSFKDQJHLPSURYHPHQWWR
WKH FXUUHQW LQGXVWULDOO\ DFFHSWHG ZHOGLQJ VSHHGV 7KHVH DUH
VHOHFWHG IURP D FRPSUHKHQVLYH DQG FRQVLGHUDEOH VSUHDG RI
RYHUPPORQJ)6:'+EXWWMRLQWVLQZKLFKVORZ
LQWHUPHGLDWHDQGIDVWZHOGLQJVSHHGVZHUHWULDOOHG 
7KURXJK WKLV SURFHVVSDUDPHWHUGHYHORSPHQW WKH VWDWH RI
WKH DUW KDV EHHQ LQFUHDVHG IURP FRQYHQWLRQDOO\ DGRSWHG
ZHOGLQJ VSHHG RI  PPPLQ WR PRUH FRPPHUFLDOO\
DWWUDFWLYHVSHHGVLQWKHUHJLRQRIPPPLQ±PPPLQ
+RZHYHU ZHOGLQJ LV NQRZQ WR VXEVWDQWLDOO\ DIIHFW WKH
PLFURVWUXFWXUH DQG PHFKDQLFDO SURSHUWLHV RI FRPSRQHQWV DQG
VWUXFWXUHV >@$OWKRXJKD VWHS FKDQJH LQ WKH ZHOGLQJ VSHHG
KDV EHHQ LGHQWLILHG WKH SXUSRVH RI WKH UHVHDUFK ZRUN
SUHVHQWHGKHUHLQLVWRDVVHVVWKHLPSDFWRIWKLVLQFUHDVHRQWKH
PLFURVWUXFWXUDO HYROXWLRQ DQG PHFKDQLFDO SURSHUWLHV RI HDFK
IULFWLRQVWLUZHOG)XUWKHUPRUHZLWKWKHDLGRIORFDODQGJOREDO
PRGHOOLQJWHFKQLTXHVWKDWKDYHEHHQIXOO\YDOLGDWHGZLWKLQWKH
SUHVHQWVWXG\WKHPRGHORXWSXWVDUHFDSDEOHRISUHGLFWLQJWKH
VHQVLWLYLW\ RI SURFHVV SDUDPHWHU DGMXVWPHQWV DV D IXQFWLRQ RI
PLFURVWUXFWXUHHYROXWLRQGLVWRUWLRQDQGUHVLGXDOVWUHVVHV 
EXPERIMENTAL PROCEDURES 
Material and welding details 
0RUH WKDQ  VLQJOH VLGHG IULFWLRQ VWLU ZHOGV LQ  PP
WKLFN '+ VWHHO ZHUH SURGXFHG XVLQJ D 3RZHU6WLU )6:
PDFKLQHRSHUDWHGLQSRVLWLRQFRQWURO6WHHOSODWHVZLWKRULJLQDO
GLPHQVLRQVRIPP[PPZHUHVHFXUHO\FODPSHGRQ
WKH PDFKLQH EHG LQ D VTXDUH HGJH EXWW MRLQW FRQILJXUDWLRQ
ZLWKRXWDQ\SULRUVXUIDFHSUHSDUDWLRQDQGEXWWZHOGHGWRJHWKHU
DW YDU\LQJ WUDYHUVH VSHHGV XVLQJ K\EULG :5H-SF%1 VWHSSHG
VSLUDOWRROVWRIRUPDVWHHOFRPSRQHQWRIPP[PP
7KHZHOGLQJSDUDPHWHUVXVHGLQWKLVVWXG\DUHJURXSHGLQWKUHH
FDWHJRULHV ZKLFK ZLOO VXEVHTXHQWO\ EH UHIHUUHG WR DV ³VORZ´
³LQWHUPHGLDWH´DQG³IDVW´ 
Microstructure evaluation 
0LFURVWUXFWXUDO FKDUDFWHULVDWLRQ ZDV XQGHUWDNHQ WR
JHQHUDWH LPSRUWDQW LQIRUPDWLRQ UHJDUGLQJ WKH PHFKDQLFDO
SURSHUWLHVWKDWDUHOLNHO\WREHDWWDLQHGLQWKHZHOG]RQHDQGWR
LGHQWLI\DQ\XQGHVLUDEOHSURFHVVLQGXFHGIODZVRUGHIHFWVWKDW
FRXOG FRPSURPLVH WKH LQWHJULW\ RI WKH ZHOG 2QH
PHWDOORJUDSKLF VDPSOH ZDV WUDQVYHUVHO\ VHFWLRQHG IURP D
UDQGRP SRVLWLRQ ZLWKLQ WKH VWHDG\ VWDWH FRQGLWLRQ UHJLRQ RI
HDFK H[DPLQHG ZHOG DQG SUHSDUHG XVLQJ QRUPDO PHW-SUHS
HTXLSPHQWDQGFRQVXPDEOHVDQGLQDZD\WKDW WKHDGYDQFLQJ
$'VLGHLVVHHQRQWKHOHIWVLGHRIDOOLPDJHV0DFURJUDSKLF
LPDJHVRIWKHZHOGZHUHFDSWXUHGDQGDGHWDLOHGH[DPLQDWLRQ
RI DUHDV RI LQWHUHVW ZLWKLQ WKH ZHOG UHJLRQ LGHQWLILHG RQ WKH
PDFURJUDSKVZDVSHUIRUPHGXVLQJDQRSWLFDOPLFURVFRSH 
Tensile testing 
7KUHH WUDQVYHUVH WHQVLOH WHVWVSHUZHOGZHUHFRQGXFWHGRQ
DQ ,QVWURQXQLD[LDO WHQVLOH WHVWLQJ V\VWHP LQDFFRUGDQFH
ZLWK,626WDQGDUGV>@WRGHWHUPLQHWKH\LHOGVWUHQJWK<6
DQG876WKDWWKHDSSOLHGVHWVRIZHOGSDUDPHWHUVSURGXFHRQ
WKH ZHOGHGSODWHV DORQJ ZLWK WKHSRVLWLRQRI IUDFWXUH SDUHQW
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PDWHULDORUZHOGPHWDO 
Hardness and impact toughness 
0LFUR-KDUGQHVV PHDVXUHPHQWV ZHUH UHFRUGHG IRU HDFK
ZHOGLQJ VSHHG DQG LQ VHYHUDO SRVLWLRQV ZKLFK ZHUH GHHPHG
UHSUHVHQWDWLYH RI WKH ZHOG ]RQH )LJ  WR SURYLGH DQ
XQGHUVWDQGLQJRI WKHKDUGQHVVGLVWULEXWLRQRI WKHZHOG]RQHV
KHQFHLQIRUPDWLRQUHOHYDQWWRWKHEHKDYLRXUGXULQJPHFKDQLFDO
WHVWLQJ 7KH PHDVXUHPHQWV ZHUH WDNHQ XVLQJ D 0LWXWR\R
KDUGQHVVWHVWHUDQGE\DSSO\LQJDORDGRIJI 
&KDUS\ LPSDFW WHVWV ZLWK WKH VWDQGDUG 9-QRWFK ZHUH
SHUIRUPHG DFFRUGLQJ WR ,62 6WDQGDUGV >@ LQ RUGHU WR
HYDOXDWH WKH WRXJKQHVV RI WKH ZHOG UHJLRQ LQ UHODWLRQ WR WKH
DSSOLHGSDUDPHWHUVHWV6DPSOHVZHUHVHFWLRQHGSHUSHQGLFXODU
WR WKH ZHOG FHQWUHOLQH DQG WUDQVYHUVH WR WKH ZHOG GLUHFWLRQ
2QHVDPSOHZDVVHFWLRQHGZLWKWKHQRWFKD[LVRIV\PPHWU\RQ
WKH ZHOG FHQWUHOLQH 7R H[DPLQH WKH IXOO ZLGWK RI WKH ZHOG
UHJLRQ WKUHHDGGLWLRQDO VDPSOHVZHUH VHFWLRQHG WRZDUGVERWK
VLGHV RI WKH ZHOG DQG ZLWK WKH SRVLWLRQ RI WKH QRWFK D[LV RI
V\PPHWU\LQPPLQFUHPHQWV5HGXFHG-VHFWLRQVDPSOHVRI
 PP ZLGWK ZHUH XVHG GXH WR WKH SODWH WKLFNQHVV RI  PP
>@,QWRWDOWKUHHVHWVRIVHYHQWHVWVZHUHSHUIRUPHGIRUHDFK
VHWRISDUDPHWHUVWRLPSURYHWKHDFFXUDF\RIWKHUHVXOWV 
Fatigue testing 
7KHUH DUH QR LQWHUQDWLRQDOO\ DFFHSWHG VWDQGDUGV IRU WKH
WHVWLQJ DQG DVVHVVPHQW RI ZHOGHG FRPSRQHQWV XQGHU IDWLJXH
>@DSDUWIURPJXLGHOLQHV7KHODFNRIVXFKVWDQGDUGVLVHYHQ
PRUH HYLGHQW ZLWK UHJDUGV WR LQYHVWLJDWLQJ WKH )6: RI VWHHO
>@DQRYHOSURFHVV7KXVDFRPSUHKHQVLYHVHWRIJXLGHOLQHV
IRU WKH IDWLJXH DVVHVVPHQW RI )6: RI VWHHO ZHUH GHYHORSHG
7KLVDOORZHGIRUD IXOO\FRPSOLDQW IDWLJXHWHVWLQJSURJUDPPH
WR EH SHUIRUPHG 7KUHH ZHOGV RI SDUDPHWHUV ZKLFK ZHUH
GHHPHG UHSUHVHQWDWLYH RI HDFK ZHOGLQJ VSHHG JURXS 7DE 
ZHUHSURGXFHGVSHFLILFDOO\IRUWKHIDWLJXHWHVWLQJSURJUDPPH
7KH VHOHFWLRQ RI DSSURSULDWH VWUHVV UDQJHV ZDV LQIRUPHG E\
WULDO WHVWV ZKLFK ZHUH LQLWLDOO\ SHUIRUPHG FRPPHQFLQJ ZLWK
VWUHVV UDQJH RI  RI <6 7KH HIIHFW RI YDU\LQJ )6:
SDUDPHWHUV RQ WKH IDWLJXH OLYHV ZDV HVWDEOLVKHG E\ WHVWLQJ
VDPSOHVIURPWKHVORZDQGIDVWVSHHGZHOGVDWRQHVWUHVVUDQJH
DQG FRPSDULQJ WKHVH UHVXOWV ZLWK WKH EDVLF 6-1 GDWD RI WKH
LQWHUPHGLDWH ZHOG 7KH VWUHVV UDWLR ZDV PDLQWDLQHG DSSUR[
HTXDOWRDQGWKHVWUHVVIUHTXHQF\FRQVWDQWDW+]GXULQJ
WKH WHVWLQJ SURJUDPPH 7KH DFWXDO VWUHVVHV DWWDLQHG E\ WKH
WHVWLQJPDFKLQHYDU\LQVLJQLILFDQWO\IURPWKHFDOFXODWHGYDOXHV
QRPRUHWKDQ 
RESULTS AND DISCUSSION 
Microstructural characterisation 
7KH FKDUDFWHULVWLF HTXLD[HG IHUULWHSHDUOLWH EDQGHG
PLFURVWUXFWXUHRI'+VWHHOLVGLVSOD\HGLQ)LJD7KHVORZ
ZHOGVLQWKHUDQJHRI-PPPLQSUHVHQWDGHIHFW-IUHH
DQG KRPRJHQHRXV IHUULWH ULFK PLFURVWUXFWXUH ZLWK KLJKO\
UHILQHGJUDLQVRIUDQGRPJHRPHWU\ 
$ VPDOO FRQWHQW RI DSSDUHQWO\ DFLFXODU VKDSHG EDLQLWLF
IHUULWH LV GHYHORSHG E\ WKH  PPPLQ ZHOGLQJ VSHHG )LJ
E DQG WKLV LV VHHQ WR VWHDGLO\ LQFUHDVH ZLWK LQFUHDVLQJ
WUDYHUVHVSHHG7KLVREVHUYDWLRQFRQILUPVWKDWWKHFRROLQJUDWH
Fig. 1. Typical FSW macrograph with the positions of hardness measurements 
Tab. 1. Number of tested fatigue samples per welding speed 
:HOGUHIHUHQFH 7UDYHUVHVSHHGPPPLQ 
5RWDWLRQDOVSHHG
USP 
6WUHVVUDQJH 
RI<6 
1XPEHURIWHVWHG
VDPSOHV 
,QWHUPHGLDWH   
  
  
  
6ORZ     
)DVW     
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LV LQFUHDVLQJ ZLWK LQFUHDVLQJ WUDYHUVH VSHHG 6XFK DFLFXODU
VKDSHG EDLQLWLF IHUULWH WKHUPR-PHFKDQLFDOO\ DIIHFWHG ]RQH
70$= PLFURVWUXFWXUH KDV EHHQ UHSRUWHG SUHYLRXVO\ >@ IRU
VLPLODUZHOGLQJVSHHGVGHYHORSHGDVDFLFXODUEDLQLWLF IHUULWHV
QXFOHDWHPDLQO\RQ WKHDXVWHQLWHJUDLQERXQGDULHV ,W LVQRWHG
WKDWWKLVLVDSURGXFWRIWKHSKDVHWUDQVIRUPDWLRQRIDXVWHQLWH
LQ WKH VXSHUFULWLFDO VWLU ]RQH FHQWUDO 70$= WR IHUULWH DW D
KLJKFRROLQJUDWH>@ 
7KH PLFURVWUXFWXUH EHFRPHV PRUH KHWHURJHQHRXV LQ WKH
LQWHUPHGLDWHJURXSRIZHOGV-PPPLQZLWKUHJLRQV
RI LQFUHDVLQJ EDLQLWH FRQWHQW VXJJHVWLQJ LQFUHDVHG FRROLQJ
UDWHV 1HYHUWKHOHVV WKH ZHOG DW  PPPLQ IHDWXUHV D
KRPRJHQHRXV IXOO\ DFLFXODU EDLQLWLF IHUULWH PLFURVWUXFWXUH
)LJ F WKLV VXJJHVWV WKDW D JRRG EDODQFH RI URWDWLRQDO DQG
WUDYHUVH VSHHGKDVEHHQDFKLHYHG ,QDGGLWLRQSULRUDXVWHQLWH
JUDLQ ERXQGDULHV FDQ EH REVHUYHG RQ WKH OLJKW RSWLFDO
PLFURVFRSH)LJF 
$W WKH KLJK ZHOGLQJ VSHHGV RI  	  PPPLQ WKH
PLFURVWUXFWXUH RI DOO H[DPLQHG ZHOGV LV KHWHURJHQHRXV ZLWK
SRRUO\ PL[HG UHJLRQV RI DFLFXODU IHUULWH DQG YDU\LQJ EDLQLWH
FRQWHQW )LJ G 7KH SUHVHQFH RI EDLQLWH KDV LQFUHDVHG
FRQVLGHUDEO\LQWKLVJURXSGXHWRWKHHYHQKLJKHUFRROLQJUDWH
WKDWLVRFFXUULQJ3ULRUDXVWHQLWHJUDLQERXQGDULHVDUHGHWHFWHG
RQWKHUHJLRQVRIEDLQLWHSUHGRPLQDQWPLFURVWUXFWXUH)LJG
Fig. 2. Microstructure of (a) parent material [x500, Etched]; mid-TMAZ (b) 120 mm/min [x1000, Etched]; (c) 350 mm/min [x1000, 
Etched]; (d) 500 mm/min [x1000, Etched] 
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$ VHSDUDWH VWXG\ FRQFOXGHV WKDW WKLV DFLFXODU VKDSHG
PLFURVWUXFWXUHLVDFRQVHTXHQFHRIWKHSKDVHWUDQVIRUPDWLRQRI
DXVWHQLWH GXULQJ IDVW FRROLQJ IURP D SHDN WHPSHUDWXUH DERYH
WKHXSSHUWUDQVIRUPDWLRQWHPSHUDWXUH$>@ $QXPEHURIWKHLQWHUPHGLDWHDQGIDVWVSHHGZHOGVH[KLELW
LQFRPSOHWH IXVLRQ SDWKV RQ WKH $' VLGH ZLWKLQ ZKLFK
LQWHUFRQQHFWHGQRQ-PHWDOOLF LQFOXVLRQV DUH GHWHFWHG )LJ D
7KHVH IODZV DUH H[SHFWHG WR LPSDFW RQ WKH PHFKDQLFDO
SURSHUWLHVRIWKHZHOGVSDUWLFXODUO\WKHLUIDWLJXHSHUIRUPDQFH
0RUHRYHUVRPHVDPSOHVGLVFORVHPLQRUZHOGURRWIODZV)LJ
E LH UHJLRQV RI LQVXIILFLHQW RU QR ZHOGLQJ RI WKH RULJLQDO
LQWHUIDFH EHWZHHQ WKH WZR SODWHV 7KHVH W\SHV RI IODZV DUH
UHJDUGHG DV SURFHVVLQJ IHDWXUHV DQG DUH H[SHFWHG WR EH
UHVROYHGDV WKHWHFKQLFDOH[SHUWLVHRQ)6:RIVWHHOJUDGXDOO\
GHYHORSV6WLOOQRHPEHGGHGIODZVDUHGHWHFWHGLQWKHEXONRI
WKHZHOG]RQH 70$= WKXVKLJK VSHHG IULFWLRQVWLUZHOGLQJ
RI VWHHO JUDGH '+ LV IHDVLEOH DW D ZLGH UDQJH RI WUDYHUVH
VSHHGV 
Tensile properties 
7KH VDPSOHV RI  RXW RI WKH  ZHOGV LQFOXGLQJ DOO
VDPSOHV SUHSDUHG IURP WKH  VORZ DQG LQWHUPHGLDWH ZHOGV
IUDFWXUHGLQWKHSDUHQWPDWHULDOUDWKHUWKDQWKHZHOGVLPLODUWR
SUHYLRXV VWXGLHV >@7KLVGHPRQVWUDWHV WKDW WKHVH VHWV
RIZHOGSDUDPHWHUVSURGXFHGZHOGVRIKLJKHUVWUHQJWKWKDQWKH
SDUHQWPDWHULDO(YHQZHOGVZLWKPLQRUSURFHVVUHODWHGIODZV
RU ZHOGV ZKLFK FRQVLVW RI KLJK DFLFXODU EDLQLWLF IHUULWH SKDVH
UDWLRDQGWKHUHIRUHFRXOGEHH[SHFWHGWRVKRZEULWWOHEHKDYLRXU
SURYHG WR EH VWURQJHU WKDQ WKH SDUHQW PDWHULDO $Q DYHUDJH
\LHOGVWUHQJWKYDOXHRI03DZDVFDOFXODWHGIURPWKHVORZ
DQG LQWHUPHGLDWH JURXSV DQG XVHG LQ WKH IDWLJXH WHVWLQJ
SDUDPHWHUVWRRIIHUFRQVLVWHQF\DQGFRPSDUDEOHUHVXOWV 
7KH JURXS RI IDVW ZHOGV  	  PPPLQ
GHPRQVWUDWHG D GLIIHUHQW EHKDYLRXU ZLWK DOO VDPSOHV IURP 
SDUDPHWHU VHWV IUDFWXULQJ LQ WKH ZHOG DQG VSHFLILFDOO\ LQ D
EULWWOH-OLNHPDQQHURQWKHRXWHUERXQGDU\RIWKH$'VLGH7KLV
IUDFWXUH VLWH FRUUHVSRQGV WR UHJLRQV ZKHUH QRQ-PHWDOOLF
LQFOXVLRQV ZHUH IRXQG WR EH LQWHUFRQQHFWHG LQ DQ LQFRPSOHWH
IXVLRQ FKDUDFWHULVWLF 7ZR PRUH SDUDPHWHU VHWV¶ VDPSOHV
IUDFWXUHG HLWKHU LQVLGH WKH ZHOG RU WKH SDUHQW PDWHULDO VXFK
WHQVLOHEHKDYLRXULQGLFDWHVWKDWWKHVHVHWVRISDUDPHWHUVDUHRQ
D WKUHVKROG YDOXH SURGXFLQJ ZHOGV ZKHUH VWHDG\ VWDWH
FRQGLWLRQVKDYHQRWEHHQUHDFKHG6WLOODOOVDPSOHVIURPRQH
RI WKH IDVW ZHOGV IUDFWXUHG LQ WKH SDUHQW PDWHULDO ZLWK D
W\SLFDOO\GXFWLOH IUDFWXUH ,W VHHPV WKDW WKLV VHW RI SDUDPHWHUV
GHOLYHUHGDVXLWDEOHUDWLRRIWUDYHUVHDQGURWDWLRQDOVSHHGWKDW
LVWUDQVODWHGLQWRVDWLVIDFWRU\WHQVLOHEHKDYLRXU 
Hardness distribution 
7DE  VXPPDULVHV WKH PLFUR-KDUGQHVV PHDVXUHPHQWV IRU
WKUHH ZHOGV DV UHSUHVHQWDWLYH RI WKH WKUHH WUDYHUVH VSHHG
JURXSVH[DPLQHGWKHYDOXHVDUHVXSSOLHGDVDQDYHUDJHRIWZR
PHDVXUHPHQWV SHU SRVLWLRQ )LJ  2YHUDOO WKH KDUGQHVV
YDOXHVDUHLQDJUHHPHQWZLWKWKHPLFURVWUXFWXUDOREVHUYDWLRQV
WKH KDUGQHVV RI WKH ZHOG LV VHHQ WR LQFUHDVH DV WKH ZHOGLQJ
VSHHGLVLQFUHDVHG7KLVLVDWWULEXWHGWRWKHLQFUHDVLQJFRROLQJ
UDWH ZKLFK GHYHORSV KDUGHU SKDVHV VXFK DV EDLQLWH 7KH
PLFURVWUXFWXUDO H[DPLQDWLRQ DERYH KDV QRWHG WKH ULVH LQ WKH
Fig. 3. Weld flaws [x50, Etched], (a) incomplete fusion; (b) weld root flaw 
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EDLQLWHFRQWHQWZLWKHDFKVSHHGLQFUHPHQW 
Impact toughness measurements 
7KHLPSDFWWRXJKQHVVGDWDIRULQGLFDWLYHZHOGVSUHVHQWHG
LQ7DEKDYHEHHQQRUPDOLVHGWRD[PPHTXLYDOHQWE\
DVFDOLQJ IDFWRURIDVGLVFXVVHGE\0F3KHUVRQ HWDO >@
WKHYDOXHVDUHSURYLGHGDVDQDYHUDJHRI WKUHHPHDVXUHPHQWV
HDFK7KH LPSDFW WRXJKQHVVRIPRVWZHOGVDWR&LVVHHQ WR
EH UHGXFHG FRPSDUHG WR WKH SDUHQW PHWDO 7DE 7KH VORZ
ZHOGV - PPPLQ IROORZ D VLPLODU SDWWHUQ RI SHDN
YDOXHVRQ WKHZHOGFHQWUHOLQHDQG ORZHVWYDOXHVQHDULQJERWK
VLGHVRIWKH70$=7KHLQWHUPHGLDWH-PPPLQDQG
IDVW  PPPLQ ZHOGV H[KLELW D VLPLODU WUHQG LQ LPSDFW
WRXJKQHVVGLVWULEXWLRQZLWKDSHDNLQWKHLQQHU70$=RIWKH
$'VLGHDQGJUDGXDOGHFUHDVHWRZDUGVWKHRXWHUERXQGDULHVRI
WKH70$=RQERWK VLGHV7KHKRPRJHQHRXVDFLFXODUEDLQLWLF
IHUULWH PLFURVWUXFWXUH REVHUYHG LQ WKH  PPPLQ ZHOG KDV
SURGXFHG PDUJLQDOO\ KLJKHU LPSDFW WRXJKQHVV LQ WKH $'
70$=WKDQWKHKHWHURJHQHRXVPLFURVWUXFWXUHRIPPPLQ
7ZR VHWV RI SDUDPHWHUV RYHUPDWFK WKH SDUHQW SODWH¶V LPSDFW
WRXJKQHVVLQWKHLQQHU$'70$= 
7KHGDWDLQ7DEUHYHDOWKDWLQFUHDVLQJWKHWUDYHUVHVSHHG
IURPPPPLQWRPPPLQDQGPPPLQLVVHHQWR
LPSURYH WKH LPSDFW WRXJKQHVV RQ WKH $' VLGH DOWKRXJK
KDYLQJD OHVVHUHIIHFWRQ WKH UHWUHDWLQJ57VLGH7KH LPSDFW
WRXJKQHVVRQERWKVLGHVRIWKHRXWHU70$=KRZHYHULVVHHQWR
GHFUHDVHWRVRPHH[WHQWZLWKWKHLQWHUPHGLDWHDQGIDVWWUDYHUVH
VSHHG 6WLOO WKH LPSURYHPHQW LQ LPSDFW WRXJKQHVV RIIHUV D
OHYHORIFRQILGHQFHLQLQFUHDVLQJWKH)6:WUDYHUVHVSHHG 
Fatigue assessment 
7KH6-1GDWDRIWKHZHOGV¶VDPSOHVDUHSORWWHGDVIDWLJXH
OLIHLQQXPEHURIF\FOHVWRIUDFWXUHYVQRPLQDOVWUHVVUDQJH
YDOXHIRUHDFKVDPSOHLQGRXEOHORJDULWKPLFVFDOH)LJ,Q
RUGHU WR XQGHUVWDQG WKH UHOHYDQFH RI WKH DERYH UHSRUWHG
UHVXOWVWKHVHQHHGWREHSODFHGLQWKHFRQWH[WRILQWHUQDWLRQDO
UHJXODWLRQV DQG VSHFLILFDWLRQV ,Q WKH PDULWLPH VHFWRU IRU
LQVWDQFHZKHUHWKHIDWLJXHSHUIRUPDQFHRIZHOGHGMRLQWVLVRI
FULWLFDO LPSRUWDQFH PRVW SHUWLQHQW FODVV VRFLHW\ UXOHV DUH
EDVHGRQWKHUHFRPPHQGDWLRQVRIWKH,QWHUQDWLRQDO,QVWLWXWHRI
:HOGLQJ,,:IRUIXVLRQZHOGV>@$VHULHVRIGHVLJQUHODWHG
IDWLJXHFODVVHV )$7FODVVHV KDYHEHHQHVWDEOLVKHG WRHQVXUH
VDIH RSHUDWLRQ RI WKH ZHOGHG MRLQWV GXULQJ WKHLU HIIHFWLYH
VHUYLFHOLIH7KH)$7FODVVHVGHILQHWKHF\FOLFVWUHVVUDQJHWKDW
ZLOO QRW UHVXOW LQ IUDFWXUH ZLWKLQ Â F\FOHV DW D 
SUREDELOLW\ IRU YDULRXV VWUXFWXUDO GHWDLOV 7KH IDWLJXH ORDGLQJ
PHFKDQLVP DQG UHODWHG GHVLJQ DVSHFWV RI IULFWLRQ VWLU EXWW
ZHOGVDUHHVVHQWLDOO\HTXLYDOHQWWRFRQYHQWLRQDOIXVLRQZHOGV
7KXV)6:QHHGVWREHLQLWLDOO\HYDOXDWHGDQGFRPSDUHGWRWKH
HVWDEOLVKHGFODVVUXOHVIRUIXVLRQZHOGLQJIRUWKHSURFHVVWREH
FRQVLGHUHGIRUPDULQHDSSOLFDWLRQV 
7KH VROLG OLQH LQ )LJ  LQGLFDWHV WKH ,,: )$7  ZHOG
GHWDLO FODVV IRU VLQJOH VLGHG EXWW ZHOGHG MRLQWV DW 
SUREDELOLW\ RI VXUYLYDO 7KH IDWLJXH VWUHQJWK RI WKH )$7 
Tab. 2. Indicative micro-hardness (Vickers, 200 gf) measurements for three welds 
Weld AD top Mid-top RT top Mid-AD Mid-TMAZ Mid-RT Weld root Parent material 
Slow 225 247 244 230 226 222 225 189 
Intermediate 302 257 247 266 265 247 240 169 
Fast 320 303 318 306 355 356 250 184 
 
Tab. 3. Impact toughness distribution in the weld region for 6 indicative welds, in J 
Weld parameters Advancing side Centreline Retreating side 
Traverse speed 
(mm/min) 
Rotational speed 
(rpm) 4.5 3 1.5 0 -1.5 -3 -4.5 
100 200 90.8 83.0 74.5 112.0 78.3 79.5 105.3 
200 400 107.5 39.8 37.3 101.0 51.0 48.0 43.5 
350 450 67.3 79.5 102.0 92.0 92.8 73.5 69.0 
375 400 65.5 76.3 134.0 91.0 81.0 76.5 65.3 
500 700 80.5 84.5 127.0 106.0 94.5 66.8 66.0 
500 675 75.0 82.5 119.0 96.0 92.0 64.0 66.5 
Parent material 
 
122.5 
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FODVVDWÂF\FOHVLV03DWKHVORSHLVP DFFRUGLQJWR
WKH ,,: UHFRPPHQGDWLRQV 7KH GRWWHG OLQHV UHSUHVHQW WKH
SUREDELOLW\RIVXUYLYDODWPHDQDQG7KH
UHVXOWV GHPRQVWUDWH KLJKHU IDWLJXH VWUHQJWK IRU DOO VDPSOHV RI
WKH WKUHH ZHOGLQJ VSHHGV LQ FRPSDULVRQ WR WKH )$7 FODVV
7KH)6:VDPSOHV¶ IDWLJXH VWUHQJWK LV FDOFXODWHG DW 03D
IRUSUREDELOLW\RIVXUYLYDOWKLVLVKLJKHUWKDQWKH
VWUHQJWK VWDWHG LQ WKH ,,: UHFRPPHQGDWLRQV 7KLV WHVWLQJ
SURJUDPPH UHYHDOVDQH[FHOOHQWSLFWXUHRI)6:RI ORZDOOR\
VWHHOZLWKDOOWHVWVUHDFKLQJZHOODERYHF\FOHVWKHRULJLQDO
REMHFWLYHRIWKLVLQYHVWLJDWLRQ 
LOCAL MICROSTRUCTURAL MODEL 
7KHH[SHULPHQWDOREVHUYDWLRQVVXFKDVWKHPLFURVWUXFWXUDO
FKDUDFWHULVDWLRQ VWXG\ KDYH LQIRUPHG WKH GHYHORSPHQW RI WKH
ORFDO PRGHO 5HOHYDQW PLFURVWUXFWXUDO HYDOXDWLRQ KDV
KLJKOLJKWHG WKH LPSDFW RI PHWDOOXUJLFDO SKHQRPHQD VXFK DV
'5;RQ WKH ILQDOZHOG ,QRUGHU WRPRGHO WKHUHVXOWLQJJUDLQ
UHILQHPHQW D SKHQRPHQRORJLFDO PRGHO KDV EHHQ XVHG DQG
DGDSWHGIRUWKH)6:RIORZDOOR\VWHHO 
A two-step model 
7KH WKHUPR-PHFKDQLFDO ORFDO SKHQRPHQD ZKLFK RFFXU
GXULQJ WKH ZHOGLQJ VWDJH RI WKH SURFHVV DUH GHVFULEHG E\ D
WKHUPR-IOXLG PRGHO 7KLV ORFDO PRGHO EDVHG RQ IORZ
IRUPXODWLRQ LV LPSOHPHQWHG WR VLPXODWH WKH YHORFLW\ DQG
WHPSHUDWXUH GLVWULEXWLRQ LQGXFHG E\ WKH VWLUULQJ DFWLRQ RI WKH
URWDWLQJ WRRO EHWZHHQ WKH PDWHULDOV EHLQJ ZHOGHG 7KH
WHPSHUDWXUH GLVWULEXWLRQ DQG PDWHULDO IORZ DUH FRPSXWHG E\
VROYLQJ WKH FRQWLQXLW\ PRPHQWXP DQG HQHUJ\ HTXDWLRQV IRU
LQFRPSUHVVLEOHIORZZLWKDSSURSULDWHERXQGDU\FRQGLWLRQVDQG
FRQWDFWIULFWLRQ FRQGLWLRQ 7KLV FRQWDFWIULFWLRQ FRQGLWLRQ
FRQVLVWV RI PRGHOOLQJ WKH IULFWLRQ EHWZHHQ WKH URWDWLQJ )6:
WRRO DQG VWHHO ZRUNSLHFHV ZKLFK SURGXFHV IULFWLRQ VKHDU
VWUHVVHVDQGIULFWLRQDOKHDW7KLVORFDOPRGHOFDQPHDVXUHWKH
LPSDFW RI SURFHVV SDUDPHWHUV RQ WKH WHPSHUDWXUH GLVWULEXWLRQ
GXULQJ )6: DV VKRZQ LQ )LJ  7KH WKHUPR-IOXLG PRGHO
SURYLGHV WKH PHWDOOXUJLFDO PRGHO ZLWK WKH YHORFLW\ DQG
WHPSHUDWXUH GLVWULEXWLRQ LQ RUGHU WR SUHGLFW JUDLQ VL]H
HYROXWLRQ LQGXFHG E\ '5; 7KH SUHGLFWLRQ RI WKH JUDLQ VL]H
HYROXWLRQ LV DGGUHVVHG E\ D -0$. PRGHO ZKLFK WDNHV LQWR
DFFRXQWWKHGLVFRQWLQXRXV'5; 
Microstructural model & grain size 
7KHPLFURVWUXFWXUDOPRGHOLVFRPSRVHGRID³VWUHDPOLQHV´
JHQHUDWLRQ PRGHO DQG D JUDLQ VL]H HYROXWLRQ PRGHO 7KLV
PRGHODOORZVIRUSUHGLFWLQJWKHPLFURVWUXFWXUDOHYROXWLRQGXH
WR VWUDLQ DQG WKHUPDO F\FOHV 7KH VWUHDPOLQHV DOJRULWKP LV
SHUIRUPHGDIWHU WKH WKHUPR-IOXLGPRGHO LQRUGHU WRGHWHUPLQH
WHPSHUDWXUH VWUDLQ UDWH DQG VWUDLQ F\FOHV 7KHVH F\FOHV DUH
H[WUDFWHG DORQJ SDUWLFOH SDWK OLQHV GXULQJ )6: XVLQJ WKH
VWUHDPOLQHVDOJRULWKP7KHJUDLQHYROXWLRQLVPRGHOOHGE\WKH
-0$. UHODWLRQ ZKLFK GHVFULEHV WKH VWDJHV RI GLVFRQWLQXRXV
'5; LH QXFOHDWLRQ JURZWK DQG LPSLQJHPHQW 7KH RQVHW
FULWHULRQ EDVHG RQ FULWLFDO VWUDLQ DQG WKH SURJUHVVLRQ RI WKH
UHFU\VWDOOL]HG IUDFWLRQ EDVHG RQ QXFOHDWLRQ DQG JURZWK UDWH
GHSHQGRQWHPSHUDWXUHVWUDLQVWUDLQUDWHDQGLQLWLDOJUDLQVL]H
7KH UHFU\VWDOOL]HG JUDLQ JURZWK LV RQO\ D IXQFWLRQ RI WKH
WKHUPR-PHFKDQLFDOFRQGLWLRQVDQGLVLQGHSHQGHQWRIWKHLQLWLDO
PLFURVWUXFWXUH 
Sensitivity analysis based on experimental process 
envelope 
$ QXPHULFDO VHQVLWLYLW\ DQDO\VLV KDV EHHQ XQGHUWDNHQ WR
HYDOXDWH WKH LQIOXHQFHRISURFHVVSDUDPHWHUV VXFKDV WUDYHUVH
DQG URWDWLRQDO VSHHG RQ )6: 7KHVH WZR VLJQLILFDQW SURFHVV
SDUDPHWHUV FRQWURO WKH KHDW JHQHUDWLRQ \LHOGLQJ DQG FRROLQJ
UDWHZLWKLQWKHZHOG]RQH$ZLGHUDQJHRISURFHVVSDUDPHWHUV
KDV EHHQ H[SORUHG DV D UHVXOW RI WKH WKHUPR-IOXLG DQG WKH
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Fig. 4. S-N curve of the three welds compared to the IIW FAT 80 class 
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PLFURVWUXFWXUH HYROXWLRQ PRGHOV 7KUHH JURXSV RI SDUDPHWHU
VHWV ZKLFK RULJLQDWH IURP WKH HQYHORSH GHWHUPLQDWLRQ RI
DFFHSWDEOHZHOGTXDOLW\KDYHEHHQVWXGLHGVORZLQWHUPHGLDWH
DQGIDVWJURXSV7KHUHVXOWVRIWKHVHQVLWLYLW\DQDO\VLVLQWHUPV
RI PD[LPXP WHPSHUDWXUH PDS UHFU\VWDOOL]HG IUDFWLRQ DQG
JUDLQ VL]H DUH LOOXVWUDWHG LQ )LJ  LQ ZKLFK HDFK JURXS LV
UHSUHVHQWHGE\RQH VHW RI SURFHVVSDUDPHWHUV 7KH PD[LPXP
WHPSHUDWXUH PDS LV JHQHUDWHG E\ WDNLQJ WKH PD[LPXP YDOXH
IURPWHPSHUDWXUHF\FOHVDWWDFKHGWRWKHSDUWLFOHRIWKHZHOGHG
MRLQW 7KH +$= FDQ EH GHWHUPLQHG IURP WKLV PD[LPXP
WHPSHUDWXUHPDS7KHH[WHQWRI+$=LVIDUPRUHSURQRXQFHG
LQ WKH VORZ SDUDPHWHUV DQG UHGXFHG ZLWK WKH LQFUHDVH LQ
WUDYHUVH VSHHG7KHREVHUYDWLRQVRQ WHPSHUDWXUHGLVWULEXWLRQV
KDYH VKRZQ WKDW WKH KHDWLQJ DQG FRROLQJ UDWHV DUH GULYHQ E\
WKHURWDWLQJDQGWUDYHUVHYHORFLW\UHVSHFWLYHO\ 
7KH G\QDPLFDOO\ UHFU\VWDOOL]HG ]RQH LV DWWHQXDWHG E\
DFFHOHUDWLQJ WKH SURFHVV )RU WKH VORZ JURXS WKH JUDLQ
UHILQHPHQW FRYHUV WKH HQWLUH 70$= %\ LQFUHDVLQJ WKH
URWDWLRQDO DQG WUDYHUVH VSHHG '5; LV UHVWULFWHG LQ WKH WRS
VXUIDFHDQGWKH$'VLGH7KLVDQDO\VLVFRQFOXGHVWKDWWKHVORZ
ZHOGV SUHVHQW WKH PRVW KRPRJHQHRXV DQG UHILQHG
PLFURVWUXFWXUH,QFUHDVLQJWKHWUDYHUVHVSHHGWHQGVWRGHJUDGH
WKLV KRPRJHQHLW\ WRZDUGV D PRUH KHWHURJHQHRXV DQG
DV\PPHWULFPLFURVWUXFWXUHEHWZHHQWKH$'DQG57VLGHWKHVH
UHVXOWV DUH LQ JRRG DJUHHPHQW ZLWK WKH PLFURVWUXFWXUDO
FKDUDFWHULVDWLRQGLVFXVVHGSUHYLRXVO\ 
LOCAL-GLOBAL NUMERICAL MODELS FOR THE 
PREDICTION OF RESIDUAL STRESSES AND 
DISTORTION 
1XPHULFDO PRGHOOLQJ SURYLGHV DQ HIILFLHQW DQG FRVW
HIIHFWLYHWRROWKDWLVDEOHWRSUHGLFWWKHWHPSHUDWXUHHYROXWLRQ
LQKHUHQWUHVLGXDOVWUHVVHVDQGGLVWRUWLRQGHYHORSHGGXHWR)6:
>@ $ FRXSOHG PXOWL-SK\VLFV QXPHULFDO PRGHO FDSDEOH RI
a 
 
b 
Fig. 5. Temperature distribution during FSW in the vicinity of the tool for (a) 100 mm/min ± 200 rpm; (b) 400 mm/min ± 500 rpm 
a 
 
b 
 
c 
 
Fig. 6. Temperature map, dynamically recrystallized fraction and grain size distribution for (a) slow (100 mm/min ± 200 rpm);             
(b) intermediate (350 mm/min ± 450 rpm); (c) fast (500 mm/min ± 575 rpm) welds 
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VLPXODWLQJ WKH LQWHUDFWLRQ EHWZHHQ JHQHUDWHG KHDW PDWHULDO
IORZ PHWDOOXUJLFDO HYROXWLRQ YLVFR-SODVWLF DQG HODVWR-SODVWLF
VWUXFWXUDO UHVSRQVH LV UHTXLUHG WR IXOO\ FDSWXUH WKH GLIIHUHQW
SK\VLFDO SKHQRPHQD SUHVHQW LQ )6: >@ +RZHYHU VRPH
LQWHUDFWLRQVDUHZHDNDQGFDQEHVLJQLILFDQWO\VLPSOLILHG)RU
H[DPSOH WKH WKHUPDO SURSHUWLHV RI WKH SDUHQW PDWHULDO DUH
UHODWLYHO\ LQGHSHQGHQW RI VWUDLQ UDWH DQG PDWHULDO IORZ
)XUWKHUPRUH DGRSWLQJ D IXOO\ FRXSOHG DSSURDFK UHTXLUHV
VLJQLILFDQW FRPSXWDWLRQDO SRZHU DQG WLPH GHIHDWLQJ WKH
SXUSRVH RI D QXPHULFDO PRGHO FDSDEOH RI SUHGLFWLQJ UHVLGXDO
VWUHVVHVDQGGLVWRUWLRQ>@ 
$VHTXHQWLDOO\XQFRXSOHGORFDO&)'-JOREDOWKHUPR-HODVWR-
SODVWLF )($ PRGHO VKRZQ LQ )LJ  LV WKHUHIRUH DGRSWHG DQG
DSSOLHG WR)6:RI'+VWHHO ,Q WKH ILUVW LQVWDQFH WKHKHDW
JHQHUDWHG GXULQJ )6: DQG WKH VWLU+$= VKDSH KDYH WR EH
LGHQWLILHG 7KLV FDQ EH SHUIRUPHG LQ YDULRXV ZD\V IRU
LQVWDQFH DQDO\WLFDO VROXWLRQV WKDW GHILQH WKH JHQHUDWHG KHDW
GXULQJ)6:DUHDYDLODEOH1RQHWKHOHVV WKHDFFXUDF\RI VXFK
DQDO\WLFDO VROXWLRQV LV KLJKO\ GHSHQGHQW RQ WKH DFFXUDWH
GHILQLWLRQ RI HPSLULFDO YDULDEOHV VXFK DV VKHDU VWUHVV RU
NLQHPDWLF FR-HIILFLHQW RI IULFWLRQ >@ 7KLV FDQ EH DFKLHYHG
WKURXJK FRPSDULVRQ DQG UHYHUVH HQJLQHHULQJ ZLWK
H[SHULPHQWDO WKHUPRFRXSOH UHVXOWV 2Q WKH RWKHU KDQG WKH
VWLU+$= VKDSHFDQEHGHILQHG WKURXJKPDFURJUDSKLF LPDJHV
RIZHOGV>@+RZHYHU LW LVQRWDOZD\VSRVVLEOHWRKDYHVXFK
WHVWUHVXOWVDQGDPHDQVWRIXOO\SUHGLFWWKHJHQHUDWHGKHDWDQG
VWLU+$= VKDSH LV UHTXLUHG 7KLV FDQ EH DFKLHYHG WKURXJK D
ORFDOYLVFR-SODVWLFFRPSXWDWLRQDOIOXLGG\QDPLFVPRGHOZKHUH
WKHVKHDUPDWHULDOIORZJHQHUDWHGKHDWDQGVWLU+$=VKDSHIRU
VSHFLILFZHOGLQJSDUDPHWHUVDUHILUVWSUHGLFWHG>@WKLVPRGHO
LVGHVFULEHGLQ WKLVVHFWLRQ7KURXJKWKLVPRGHOOLQJVWUDWHJ\¶V
LQIOXHQFHVGXHWRKHDWVLQNSDUDPHWHUVWRROVKDSHDQGZHOGLQJ
SDUDPHWHUV FDQEH LQYHVWLJDWHG LQ WHUPVRI WKHUPDO WUDQVLHQWV
GHYHORSHGGXULQJZHOGLQJ 
7KHSUHGLFWHG WKHUPDOJUDGLHQWVDUH WKHQIHG LQWRDJOREDO
VWUXFWXUDO PRGHO IRU ILQDO SUHGLFWLRQ RI UHVLGXDO VWUHVVHV DQG
 
Fig. 7. Numerical modelling strategy and integration between local and global models 
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GLVWRUWLRQ +HUH WKH IXOO SODWH VWLIIQHVV SURSHUWLHV LQFOXGLQJ
FODPSLQJERXQGDU\FRQGLWLRQVDUHVLPXODWHG7KUHHQXPHULFDO
PRGHOOLQJ VWUDWHJLHV UDQJLQJ IURP FRPSXWDWLRQDOO\ HIILFLHQW
DQDO\WLFDO PRGHOV WR PRUH FRPSOH[ WUDQVLHQW HODVWR-SODVWLF
QXPHULFDO PRGHOV KDYH EHHQ GHYHORSHG DQG LQYHVWLJDWHG
7KHVHLQFOXGH 
x 3KDVH , PRGHOV 5HGXFHG VROXWLRQ PHWKRGV EDVHG RQ
HODVWR-SODVWLFDQDO\WLFDODOJRULWKPV>@WKDW LGHQWLI\)6:
FRQWUDFWLRQ IRUFHV DQG DSSOLHG WR HODVWLF VWDWLF URRP
WHPSHUDWXUHPDWHULDOSURSHUWLHVVWUXFWXUDOPRGHOV 
x 3KDVH,,PRGHOV+\EULGPRGHOV>@WKDWWDNHLQWRDFFRXQW
QRQ-OLQHDU PDWHULDO SURSHUWLHV EXW VROYHG LQ D WZR-VWHS
KHDWLQJDQGFRROLQJF\FOHLQDVWDWLFPDQQHU 
x 3KDVH ,,, PRGHOV 7UDQVLHQW HODVWR-SODVWLF PRGHOV WKDW
DSSO\ WKHGHYHORSHG WKHUPDO VWUDLQV LQD WUDQVLHQWPDQQHU
ZLWKQRQ-OLQHDUPDWHULDOSURSHUWLHVLQFOXGHG 
7RPDLQWDLQFRQILGHQFHLQWKHDGRSWHGQXPHULFDODSSURDFK
WKH QXPHULFDO PRGHOV DUH FURVV-UHIHUHQFHG WR UHDOLVWLF WHVW
UHVXOWV ,Q WKH ILUVW LQVWDQFH WKH WKHUPDO WUDQVLHQWV GHYHORSHG
GXULQJ ZHOGLQJ ZHUH PHDVXUHG E\ PHDQV RI WKHUPRFRXSOH
DUUD\V 7KHVH PHDVXUHPHQWV SURYLGHG DQ LQVLJKW RQ WKH
DPRXQWRIKHDWEHLQJJHQHUDWHGWRJHWKHUZLWKKLJKOLJKWLQJWKH
VLJQLILFDQWLQIOXHQFHRIKHDWORVVWRWKHPDFKLQHEHGZKLFKLV
DFWLQJDVDPDVVLYHKHDWVLQNDQGXOWLPDWHO\DIIHFWLQJWKHILQDO
UHVLGXDO VWUHVV DQG GLVWRUWLRQ RXWFRPHV ,Q IDFW WHPSHUDWXUHV
LQ H[FHVV RI Û& ZKHUH UHFRUGHG RQ WKH PDFKLQH EHG
(IIHFWV GXH WR SKDVH WUDQVIRUPDWLRQV DQG SODVWLF VWUDLQV DUH
LQFRUSRUDWHG LQ WKH VWUXFWXUDO PRGHOV E\ DSSO\LQJ WKH
DSSURSULDWH PDWHULDO SURSHUWLHV WKDW DUH GHSHQGHQW RQ WKH
FRROLQJ UDWHVGHYHORSHG DIWHU ZHOGLQJ7KHSUHGLFWHG WKHUPDO
VWUDLQV UHVLGXDO VWUHVVHV DQG GLVWRUWLRQ DUH DOVR YDOLGDWHG
WKURXJK D VHULHV RI VWUDLQ JDXJH PHDVXUHPHQWV KROH-GULOOLQJ
UHVLGXDO VWUHVV PHDVXUHPHQWV DQG GLVWRUWLRQ VXUIDFH WRSRORJ\
PHDVXUHPHQWV 
5HGXFHG VROXWLRQV SURYLGH D FRVW HIILFLHQW PHWKRG RI
LGHQWLI\LQJ WKH RXW-RI-SODQH GLVWRUWLRQ WKURXJK VLPSOH
DQDO\WLFDOVROXWLRQVIROORZLQJHODVWR-SODVWLFDOJRULWKPV7KHVH
PRGHOV DUH FDSDEOH RI LGHQWLI\LQJ WKH ZHOGLQJ FRQWUDFWLRQ
IRUFHVGHYHORSHGGXHWR)6:DQGZKHQDSSOLHGWRDQHODVWLF
VWUXFWXUDO PRGHO DUH DEOH WR SUHGLFW WKH RXW-RI-SODQH
GLVWRUWLRQ'XHWRWKHDSSOLFDWLRQRIILFWLWLRXVWKHUPDOORDGLQJ
DQG WKH XVH RI URRP WHPSHUDWXUH PDWHULDO SURSHUWLHV WKHLU
DFFXUDF\ LV OLPLWHG6WLOO WKHVH PRGHOV DUH FDSDEOHRI JLYLQJ
DQ LQVLJKW RQ ZKLFK SURFHVV SDUDPHWHU ZLOO OHDG WR OHVV
GLVWRUWLRQ2QWKHRWKHUKDQGWUDQVLHQWPRGHOVFDQIXOO\PRGHO
WKH HYROXWLRQ RI VWUDLQV DQG VWUHVVHV ZKHUH LQIOXHQFHV GXH WR
FODPSLQJ YROXPH FKDQJHV GXH WR SKDVH WUDQVIRUPDWLRQ DQG
HODVWR-SODVWLF WHPSHUDWXUH GHSHQGDQW PDWHULDO UHVSRQVH DUH
WDNHQ LQWR FRQVLGHUDWLRQ 7KH UHVXOWV DWWDLQHG WKURXJK WKHVH
PRGHOV DUH LQ JRRG DJUHHPHQW ZLWK WKH H[SHULPHQWDO WHVW
UHVXOWV EXW DUH KLJKO\ FRPSXWDWLRQDOO\ LQWHQVLYH7R WKLV HQG
K\EULG PRGHOV ZHUH GHYHORSHG WKDW WDNH LQWR DFFRXQW DOO
PDWHULDOQRQ-OLQHDULWLHVEXWDUHVROYHGLQDWKUHHVWHSKHDWLQJ
FRROLQJ DQG XQFODPSLQJ SKDVH 7KH UHVXOWV IURP WKH K\EULG
PRGHOVDUHDOVRLQJRRGDJUHHPHQWZLWKWKHH[SHULPHQWDOWHVW
UHVXOWVDQGSURYLGH WKHRSWLRQ WRQXPHULFDOO\DQDO\VH IULFWLRQ
VWLU ZHOGHG MRLQWV WKDW DUH SRVVLEO\ LQ H[FHVV RI  P ORQJ
7KHVH PRGHOV DOORZ GHVLJQHUV DQG LQGXVWULDO XVHUV WR DVVHVV
)6:LQDIDVWDQGDFFXUDWHPDQQHU 
7KH FRPELQDWLRQ RI H[SHULPHQWDO DQG QXPHULFDO DQDO\VLV
SURYLGHV D WKRURXJK XQGHUVWDQGLQJ DQG DGYDQFHPHQW LQ
NQRZOHGJH RQ IULFWLRQ VWLU ZHOGLQJ )RU H[DPSOH ERWK
H[SHULPHQWDO DQG QXPHULFDO PRGHOV KDYH VKRZQ WKDW IDVWHU
WUDYHUVHVSHHGVLQIULFWLRQVWLUZHOGLQJGRQRWQHFHVVDU\OHDGWR
OHVVRXW-RI-SODQHGLVWRUWLRQ2WKHULQIOXHQFLQJSDUDPHWHUVVXFK
DV KHDW VLQN DQG FODPSLQJ ERXQGDU\ FRQGLWLRQV ZRUNSLHFH
VWLIIQHVV DQG VXSSRUW FRQILJXUDWLRQV DIIHFW WKH ILQDO UHVLGXDO
VWUHVVDQGGLVWRUWLRQRXWFRPHVWKDWFDQEHLQYHVWLJDWHGXVLQJD
ORFDO-JOREDOQXPHULFDODSSURDFK 
CONCLUSIONS 
7KH IROORZLQJ RXWFRPHV DUH GUDZQ IURP WKLV H[WHQVLYH
UHVHDUFKSURJUDPPH 
x )6:RI'+VWHHOSURGXFHVDQDUUD\RIKLJKO\DWWUDFWLYH
PHWDOOXUJLFDODQGPHFKDQLFDOSURSHUWLHV 
x 7KH LQGXVWULDOO\ DFFHSWHG ZHOGLQJ VSHHG RI  PPPLQ
IRU VWHHO KDV EHHQ LQFUHDVHG E\ D IDFWRU RI - 7KLV VWHS
FKDQJH UHSUHVHQWV FRQVLGHUDEOH SRWHQWLDO HFRQRPLF
DGYDQWDJHVLQWHUPVRIWKHFRPSHWLWLYHQHVVRI)6: 
x )6: JHQHUDWHV D YHU\ FRPSOH[ PHWDOOXUJLFDO V\VWHP LQ
ZKLFK WKH VORZ WUDYHUVH VSHHGV UHVXOW LQ D YHU\ UHILQHG
IHUULWHULFKPLFURVWUXFWXUHWKHLQWHUPHGLDWHWUDYHUVHVSHHGV
SURGXFH SUHGRPLQDQWO\ DFLFXODU EDLQLWLF IHUULWHV DQG WKH
IDVW WUDYHUVH VSHHGV UHVXOW LQ D KHWHURJHQHRXV
PLFURVWUXFWXUHZLWKGLVWLQFW UHJLRQVRIDFLFXODU IHUULWHDQG
DFLFXODUEDLQLWLFIHUULWH 
x ([WHQVLYH IDWLJXH WHVWLQJ KDV HVWDEOLVKHG WKDW IULFWLRQ VWLU
ZHOGV RI VWHHO JUDGH '+ H[KLELW VDWLVIDFWRU\ IDWLJXH
OLYHVHYHQDWDVWUHVVUDQJHRIRI\LHOGVWUHQJWKDERYH
WKH ZHOG GHWDLO FODVV RI WKH ,QWHUQDWLRQDO ,QVWLWXWH RI
:HOGLQJIRUIXVLRQZHOGHGEXWWMRLQWV 
x $ IXOO\ YDOLGDWHG ORFDO PLFURVWUXFWXUDO PRGHO KDV EHHQ
GHYHORSHG DQG WKH TXDOLWDWLYH LQIOXHQFH RI SURFHVV
SDUDPHWHUV KDV EHHQ LQYHVWLJDWHG WKURXJK D VHQVLWLYLW\
DQDO\VLVRIWKHPLFURVWUXFWXUDOPRGHO 
x /RFDO ± JOREDO QXPHULFDO PRGHOV KDYH VKRZQ WKDW IDVWHU
WUDYHUVH VSHHGV LQ IULFWLRQ VWLU ZHOGLQJ GR QRW QHFHVVDULO\
OHDGWROHVVRXW-RI-SODQHGLVWRUWLRQEXWIDFWRUVVXFKDVKHDW
VLQN FODPSLQJ ERXQGDU\ FRQGLWLRQV ZRUNSLHFH VWLIIQHVV
DQG VXSSRUW FRQILJXUDWLRQV DIIHFW WKH ILQDO UHVLGXDO VWUHVV
DQGGLVWRUWLRQRXWFRPHV 
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